4'-Formylbiphenyl-4-ylboronic acid (29) , second-generation chiral dendritic tetraethylene glycol coils R 1 and R 2 (30), 2,6-dibromo-4-hydroxypyridine 6 (31) were prepared according to the same procedures as described previously. 
R2 :
8a R = R 1 8b R = R 2 2a: R = R 1 2b: R = R 2
Scheme 1: Synthesis of bent-shaped aromatic amphiphiles
Reagents and conditions : (a) K 2 CO 3 , CH 3 CN, reflux; (b) 1) 4'-(trimethylsilyl)biphenyl-4-ylboronic acid, 2M K 2 CO 3 , tetrakis-triphenylphosphine palladium(0), THF, reflux; 2) ICl, dichloromethane; (c) 4'-formylbiphenyl-4-ylboronic acid, 2M K 2 CO 3 , tetrakistriphenylphosphine palladium(0), THF, reflux.
Synthesis of compound 4.
Compound 3 (0.25 g, 1 mmol), R 1 OTs(1.24 g, 1 mmol) and K 2 CO 3 (1.1g, 7.0 mmol) were dissolved in 20 mL of anhydrous acetonitrile. The mixture was refluxed overnight and then cooled to room temperature. The solvent was removed in a rotary evaporator, and the resulting mixture was poured into water and extracted with ethyl acetate. The ethyl acetate solution was dried over anhydrous magnesium sulfate and filtered. After the solvent was removed in a rotary evaporator, the crude products were purified by column chromatography (silica gel) using methanol : ethyl acetate (1:20 v/v) as eluent to yield 88 % (1.30 g) of colorless liquid. 
Synthesis of compound 5.
Compound 4 (1 g, 0.74 mmol) and 4'-(trimethylsilyl)biphenyl-4-ylboronic acid (0.62 g, 2.22 mmol, 3 eq.) were dissolved in degassed THF (30 mL). Degassed 2M aqueous K 2 CO 3 (30 mL) was added to the solution and then tetrakis(triphenyl-phosphine) palladium (0) (0.06 g, 0.05 mmol) was added. The mixture was refluxed for 48 hours with vigorous stirring under argon. Cooled to room temperature, the layers were separated, and the aqueous layer was then washed twice with methylene chloride. The combined organic layers were dried over anhydrous magnesium sulfate and filtered. The solvent was removed in a rotary evaporator, then dissolved in dichloromethane (300 mL) and a 1.0 M solution of ICl in CH 2 Cl 2 (3.85 mL, 3.85 mmol) was added dropwise at -78 o C. The reaction mixture was stirred for 1 h under nitrogen before 1 M aqueous Na 2 S 2 O 5 (35 mL) solution was added and the solution was stirred for 4 h. The layer were separated, and the aqueous layer was then washed with CH 2 Cl 2 . The combined organic layers were dried over anhydrous MgSO 4 and filtered. The solvent was removed by using a rotary evaporator and the crude product was purified by column chromatography (silica gel) using ethyl acetate : methanol (15:1 v/v) as eluent to yield 1 g (82 %) of colorless liquid. 
Synthesis of compound 1.
Compound 5 (0.7 g, 0.4 mmol), and 4'-formylbiphenyl-4-ylboronic acid (0.27 g, 1.21 mmol, 3 eq.) were dissolved in degassed THF (30 mL). Degassed 2M aqueous K 2 CO 3 (30 mL) was added to the solution and then tetrakis(triphenyl-phosphine) palladium (0) (0.06 g, 0.05 mmol) was added. The mixture was refluxed for 48 hours with vigorous stirring under argon. Cooled to room temperature, the layers were separated, and the aqueous layer was then washed twice with methylene chloride. The combined organic layers were dried over anhydrous magnesium sulfate and filtered. The solvent was removed in a rotary evaporator, and the crude product was purified by column chromatography (silica gel) using ethyl acetate : methanol (10:1 v/v) as eluent and then further purified by prep-HPLC to yield 0.44 g (60 %) of colorless liquid. 
Synthesis of compound 8a and 8b.
These compounds were synthesized using the same procedure. A representative example is described for 8a. Compound 7a (0.9 g, 0.67 mmol) and 4'-(trimethylsilyl)biphenyl-4-ylboronic acid (0.55 g, 2.02 mmol, 3 eq.) were dissolved in degassed THF (30 mL). Degassed 2M aqueous K 2 CO 3 (30 mL) was added to the solution and then tetrakis(triphenyl-phosphine) palladium (0) (0.06 g, 0.05 mmol) was added. The mixture was refluxed for 48 hours with vigorous stirring under argon. Cooled to room temperature, the layers were separated, and the aqueous layer was then washed twice with methylene chloride. The combined organic layers were dried over anhydrous magnesium sulfate and filtered. The solvent was removed in a rotary evaporator then, dissolved in dichloromethane (300 mL) and a 1.0 M solution of ICl in CH 2 Cl 2 (3.85 mL, 3.85 mmol) was added dropwise at -78 o C. The reaction mixture was stirred for 1 h under nitrogen. 1 M Aqueous Na 2 S 2 O 5 (35 mL) solution was added and the solution was then stirred for 4 h. After the layers were separated, the aqueous layer was washed with CH 2 Cl 2 . The combined organic layers were dried over anhydrous MgSO 4 and filtered. The solvent was removed by using a rotary evaporator and the crude product was purified by column chromatography (silica gel) using ethyl acetate : methanol (15:1 v/v) as eluent to yield 1 g (90 %) of colorless liquid. 
Synthesis of compound 2a and 2b.
These compounds were synthesized using the same procedure. A representative example is described for 2a. Compound 8a (0.7 g, 0.4 mmol), and 4'-formylbiphenyl-4-ylboronic acid (0.27 g, 1.21 mmol, 3 eq.) were dissolved in degassed THF (30 mL). Degassed 2M aqueous K 2 CO 3 (30 mL) was added to the solution and then tetrakis(triphenyl-phosphine) palladium (0) (0.06 g, 0.05 mmol) was added. The mixture was refluxed for 48 hours with vigorous stirring under argon. Cooled to room temperature, the layers were separated, and the aqueous layer was then washed twice with methylene chloride. The combined organic layers were dried over anhydrous magnesium sulfate and filtered. The solvent was removed in a rotary evaporator, and the crude product was purified by column chromatography (silica gel) using ethyl acetate : methanol (10:1 v/v) as eluent and then further purified by prep-HPLC to yield 0.44 g (60 %) of colorless liquid. 
Methods
DLS Spectroscopy. Dynamic light scattering measurements were performed using He-Ne laser operating at 632.8 nm. The scattering was kept at 90 o during the whole experiment at 25 o C. The hydrodynamic diameter (D H ) was determined from the autocorrelation functions by the time interval method of photon correlation and the CONTIN methods using the software provided by the manufacturer. In order to avoid contamination of dust, all solutions were filtered through a 0.45 μm membrane filter.
NMR Experiments.
1 H-NMR (500 MHz) spectra were recorded on a thermoregulated Varian NMR System 500 using a solution of molecule 7a in D 2 O with a concentration of 0.1 wt%. At each temperature, the solution was equilibrated for 15 minutes before data acquisition. The dehydration of the pyridine units and the ethylene oxide segments at different temperatures was supported by variable temperature 1 H-NMR spectroscopy study. The position of 1, 4-dioxane peak was used as the internal reference.
TEM Experiment.
To investigate the structures of non-covalented macrocycles in aqueous solution, a drop of aqueous solution of the bent-shaped molecules (0.002-0.02 wt%) was placed on a carbon-coated copper grid and the solution was allowed to evaporate under ambient conditions. These samples were stained by depositing a drop of uranyl acetate aqueous solution (2 wt%) onto the surface of the sample-loaded grid. The dried specimen was observed by using a JEOL-JEM 2100 instrument operating at 120 kV. The data were analyzed using Digital Micrograph software.
Preparation of 2a Film.
A stock solution of 2a in a THF-water mixture (1/1, v/v, 0.01 mg/mL) was prepared. The 2a film was obtained by casting the stock solution on a quartz plate, and the solvent was then slowly evaporated under air at room temperature (ca. 25 o C).
AFM Measurements of H-and J-type 2D-Assembled 2a and 2b. Stock solutions of 2a and 2b in THF (0.02 mg/mL, 0.5 mL) were prepared, which were then diluted with 0.5 mL of water. Samples for the AFM measurements of contracted 2a and 2b tubules (H-type packing) were prepared by casting 40 µL aliquots of the stock solutions on a freshly cleaved HOPG at room temperature (ca. 25 °C), and the solvents were slowly evaporated under a water vapor atmosphere. The substrates were then dried under vacuum for 2 h before AFM measurements (Fig. 2H, fig. S7 ). The water vapors were prepared by putting 1 mL of water into a 2 mL flask that was inside a 50 mL flask, and the HOPG substrates were then placed in the 50 mL flask. The expanded aggregates of 2a and 2b (J-type packing) on substrates were also investigated by AFM as follows. Stock solutions of 2a and 2b in water (0.01 and 0.005 wt%, respectively) were prepared. After being sonicated for 3 h at 20 °C or lower, 40 µL aliquots of the stock solutions were deposited on a freshly cleaved mica at room temperature (ca. 25 °C), and the solvents were then slowly evaporated under air. The typical settings of the AFM for the high-magnification observations were as follows: a free amplitude of the oscillation frequency of ca. 1.0-1.5 V, a set-point amplitude of 0.9-1.4 V, and a scan rate of 2.5 Hz.
Fullerene Encapsulation Experiments.
Appropriate amounts of molecule 2a and C 60 were dissolved in chloroform at 60 o C followed by evaporation of the solvent and drying in vacuum oven. After addition of water, the aqueous suspension was ultrasonicated for 1 h. The solution was pipetted into a quartz cuvette and the fluorescence spectra were recorded at excitation wavelength of 380 nm. Fluorescence spectra were measured for several solutions containing different amounts of C 60 by increasing the molar ratio of C 60 from 0 to 1.2 equiv. As shown in Figure 4a , the fluorescence intensity decreased with an increase in fullerene content up to a certain point (0.8 equiv) and remained constant afterwards. Thereby, the maximum amount of C 60 loading per molecule can be considered 0.8 equiv. Furthermore, the solution of 2a gradually changed to dark yellow as increasing the molar ratio of C 60 with the appearance of a broad band centered around 452 nm, indicating that the C 60 in the tubule were interacting with each other ( Figure 4B ). The absorbance intensity at 452 nm reached its maximum with 0.8 equiv. C 60 and did not change any further upon addition of more fullerene. Repeating the same experiment at 60 o C, the maximum absorbance intensity at 452 nm was reduced to 50% compared to its value at room temperature, indicating lower loading of C 60 ( Figure S12 ). In addition, heating the saturated solution of 2a containing 0.8 equiv fullerene to 60 o C, a part of C 60 was released from the tubulus into the aqueous solution. The escaped C 60 was collected by centrifugation at 1500 g for 20 min. Then, the isolated powder of C 60 was dissolved in toluene solution to measure the concentration using Beer-Lambert law equation (A = εＬc). Subsequent cooling of the supernatant to room temperature led to a color change from dark to pale-yellow with reduced absorbance at 452 nm ( Figure 4C ), indicating that C 60 -C 60 interactions are diminished. Notably, the absorbance associated with C 60 -C 60 interactions recovered to that of the contracted state upon second heating, indicating the breathing motion of the tubules leads to a reversible switch between tight and loose packing of the fullerenes within the tubular cavity ( Figure 4E ).
Computation Initial Model Construction:
For each of the expanded and contracted helical tubules, molecular models were constructed by piling up 20 6-mer planar macrocycles with varying rotation angles about the helical axis (0, ±5, ±10, ±15, ±20, and ±25°). The rotation angles ±30˚ corresponds to the unstable geometry of completely facing macrocycle vertices. Because of the 6-fold symmetry of the macrocycle, -30° ~ 30° represents the full range of the macrocycle stacking angle. The signs of the rotation angles are defined such that the positive and the negative angles correspond to right-handed and left-handed helical tubules, respectively. The total 22 tubule models for 2a generated in this manner were solvated by water and subject to molecular dynamics simulations to relax the overall geometry. Molecular Dynamics Simulation: For each tubule model, a 5-ns molecular dynamics (MD) simulation was performed using GROMACS 4 (32). Relatively short simulation was performed to search the local conformational space around the initial helical stacking angle. The oligoether dendrons were represented by united atom model and the force field parameters for them were obtained using the Dundee Prodrug Server (33) . For accurate description of relative strengths of polar and non-polar interactions, the aromatic core of the macrocyle were represented by allatom model and the partial charge parameters were obtained from the restrained electrostatic potential after MP2/6-31G*//B3LYP/6-31G* level quantum calculations by using Gaussian03 (34) . The single point charge (SPC) water (35) was used to solvate the tubule. The particle mesh Ewald method (36) was employed to treat the long-range electrostatics under periodic boundary condition. Simulation time-step was set to 2 fs, constraining the bond lengths of the hydrogen atoms with the LINCS algorithm (37) . Temperature was maintained at 300K by Berendsen thermostat with the coupling constant of 0.1 ps. Pressure was kept constant at 1 bar by Berendsen barostat with the coupling constant of 1 ps and compressibility of 4.5x10 -5 bar -1 . The simulation trajectory for the central 12 layers in the last 2 ns of each simulation was used for analysis of the energy and structure. Figures   Fig. S1 . MALDI-TOF mass spectra of molecule 1 (A), molecule 2a (B), molecule 2b (C). In a THF-water mixture (1/1, v/v, 0.01 mg/mL), molecularly dissolved 2a showed no CD (A). After the THF was removed under reduced pressure and diluted with water, the 2a solution showed a characteristic CD typical for the left-handed helical J-aggregates as observed in water (B). It is noteworthy that a 2a film prepared form a THF-water mixture (1/1, v/v, 0.01 mg/mL) exhibited an opposite CD compared to that measured in aqueous solution. Optical density arising from LD was less than 1 × 10 -3 , suggesting that the LD contribution to the CD spectra could be negligible (C). These results indicate that 2a forms H-aggregates in the solid state because of dehydration during complete drying. (Fig. 3B) , and the opposite direction is favored in the contracted form (Fig. 3C) . It also can be seen from (A) and (B) that coils tend to orient upward both in the expanded and contracted forms (Fig. 3A) . The maximum amount of C 60 loading per bent-shaped molecule can be calculated according to the equation (1) . D is pore diameter, c is thickness of one hexameric macrocycle based on X-ray deffrection, M is molecular weight of C 60 , ρ is the density of C 60 , N A is the avogadro' number.
Supporting
Based on the fullerene density of 1.65 g/cm 3 in the solid state, the maximum loading of the C 60 in the expanded state is expected to be 1.15 equiv. and in the contracted state 0.63 equiv., respectively. However, the densities of our experimental results based on encapsulation experiments of C 60 were observed to be 1.15 in the expanded state and 1.05 in the contracted state, respectively, lower than pure solid-state density ( fig. S12D) . As a result, the maximum amounts of encapsulated C 60 showed experimentally to be 0.8 equiv. in the expanded state and 0.4 equiv. in the contracted state.
